We demonstrated a new approach to fabricate an ultraviolet ( . This result will be useful for manufacturing of a high-performance UV photodetector.
Introduction
An ultraviolet (UV) photodetector is a key component used for various applications in a medical instrument, a sterilization monitor, a fire alarm system, a solar UV radiation monitor and an ozone sensor. 15) Recently, photodetectors based on organic materials have gained considerable attention 6) because of their unique and attractive features including low-cost, simple fabrication, low temperature manufacturing, and mechanical flexiblility which make it possible to manufacture flexible, foldable, and large-area devices for modern electronics. 711) Resistor, 12) diode, 13) and transistor 14) structures have been utilized as photodetectors. Among these organic photodetectors, the phototransistor is promising because it functions both light detection and signal amplification so that it allows sensing a small level of light intensity. 2) Light responsivity, R, defined as a ratio of a photo drain current to incident light intensity, is one of the most important parameters in the phototransistor. 6) Under light irradiation, electron-hole pairs are formed by photon absorption of a semiconductor channel material. When an external voltage is applied to the electrodes, the electronhole pairs are separated into free charges and result in an increase in drain current. Thus, the R depends on matching the absorption wavelength of the semiconducting material with the light wavelength. Although pentacene is widely used as a semiconducting layer of visible phototransistors, 1525) the R of the pentacene phototransistor is low in the UV light region due to poor UV light absorption by pentacene.
2630)
In the present work, we demonstrate significant improvement of R in a pentacene phototransistor by introducing a photoactive gate dielectric layer composed of the layers 
where  0 is the vacuum permittivity (8. 
The C i ,  r,1 and  r,2 were determined to be 65.4 pF/mm 2 , 2.6 and 2.4, respectively, with an Agilent 4284A LCR meter at 1 kHz. The d was measured to be 330 nm by scratching the film and measuring a height difference across the scratch with an atomic force microscope (Keyence VN-8000). By solving Eqs. (1) and (2), the d 1 and d 2 were found to be 67 and 263 nm, respectively.
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Electrical measurements of the phototransistor were done at room temperature using a Keithley 4200 semiconductor characterization system in a dry nitrogen atmosphere. 365 nm UV light generated from an Omron ZUV UV irradiator was irradiated from a glass substrate side as illustrated in Fig. 1(a) . The UV light intensity was measured by a Coherent FieldMax II-TO laser power meter. The photoelectrical characteristics of the phototransistor are shown in Fig. 3(a) . Fig. 3(a) , the transfer curve almost returned to the initial position, indicating that the transfer curve shift originates from the UV light irradiation. We confirmed that the transfer curves shifts were repeatable for many cycles, suggesting that our phototransistor has a potential to work as a stable UV photodetector.
Results and Discussion

Performances of phototransistor
The R of the phototransistor is evaluated utilizing the following equation:
where I D,ph is the I D generated by the light illumination, P inc is the incident light intensity, I D,ill and I D,dark are the I D under light illumination and dark, respectively, E is the incident light intensity per unit area, and A is the area of the transistor channel. mW/cm 2 of the UV light intensity. The R was found to increase as increasing the V G . On other aspect, we have investigated the UV light intensity dependence of the R. As shown in Fig. 3(c) , the R decreased as increasing the light intensity. This tendency is similar to the experimental results reported by other groups. 23, 24, 33) The maximum R (R max ) was obtained to be 0.12 A/W which is about one order of magnitude higher than that in previously reported UV pentacene phototransistors. 28, 29) In addition, this value was obtained at the V G of 18 V which is the lowest V G among previous works. The R of the photoactive dielectric device was also estimated by dividing the photocurrent by the incident light intensity. As can be seen in Fig. 5(c) , the R of the photoactive dielectric device is changed in the manner similar to that of the phototransistor [ Fig. 3(c) ]. The decrease in the R observed from Figs. 3(c) and 5(c) at the high UV light intensity is speculated to be because more photogenerated charges inside the PMMA:DPA-CM layer are created as well as the recombination of the photogenerated charges increases. However, the R of the phototransistor is larger than that of the photoactive dielectric device thanks to the signal amplification ability of the transistor structure. 33) There is a possibility that the transfer curve shift originates from the dipole polarization of the gate dielectric. In that case, a change of capacitance of the gate dielectric should be observed. However, we confirmed that the gate dielectric capacitance under UV light irradiation (C i = 65.4 pF/mm 2 ) is the same as that under dark (C i = 65.4 pF/mm 2 ). Based on the experimental results shown in Fig. 5 , we illustrate the operation principle of the phototransistor in Fig. 6 . Under dark, the doublelayer gate dielectric acts as a normal insulating layer for field-effect operation and hole accumulation in the transistor channel is inducted by the gate electric field only [ Fig.   6(a) ]. When the UV light is irradiated to the phototransistor, the charge-separation state is generated. Upon application of a voltage between the gate and drain electrodes, the charge-separation state is converted into free electrons and holes. Under the gate electric field, the photogenerated holes move to the ITO gate electrode and the photogenerated electrons move to the interface of the PMMA:DPA-CM layer and the polystyrene buffer layer [ Fig. 6(b) ]. The role of the polystyrene buffer layer is to block the photogenerated electrons. 34) We confirmed that the layers of PMMA:DPA-CM and polystyrene had the same surface morphologies and surface morphologies of the overlaying pentacene layers were unchanged as well. The additional electric field created by the photogenerated electrons further induces additional accumulation of holes in the pentacene channel. As the consequence, the concentration of holes in the channel becomes larger than that of the device in dark, leading to the positive shift of the transfer curve [filled circles in Fig. 3(a) ]. We would like to emphasize that the mechanism of our phototransistor proposed here is different from conventional phototransistors 1530) where the I D is increased by photocharges generated in the transistor channel via the direct photoexcitation of pentacene.
Conclusions
We have demonstrated a new method to realize a pentacene UV phototransistor using photoactive molecules of DPA-CM. DPA-CM acts as a sensing material thanks to its strong absorption in an UV region and a stable charge-separation state. A hole concentration in the pentacene channel was enhanced by an additional electric field created by photogenerated electrons that were accumulated at the PMMA:DPA-CM/polystyrene buffer layer interface. The phototransistor exhibited a high responsivity of 0.12 A/W under UV irradiation of 365 nm which is one order of magnitude larger than that of conventional pentacene phototransistors. We suggest that the abovementioned results are useful to fabricate a high-performance UV photodetector. 
